aBStr act. The Episodic Events-Great Lakes Experiment was designed to quantify the impacts of major late winter-early spring storms on sediment-water exchange, sediment, and associated constituent transport and resultant influence on well-characterized sediment distributions in southern Lake Michigan. Prior to this project, only very sparse data were available during the late winter-early spring period for any of the Great Lakes, primarily because of strong storms and ice conditions. The observation strategy consisted of moored arrays of current meters, thermistors, and sequencing traps, along with shipboard surveys. In addition, process measurement cruises were conducted along with special cruises for sedimentwater interface sampling using a remotely operated vehicle, particle transformation measurements, and sediment collection. A summary of conclusions include:
preSeNt-day morphology aNd geological hiStory
With a surface area of 57,800 km 2 and volume of 4,920 km 3 , Lake Michigan is the third largest of the North American Laurentian Great Lakes and the sixthlargest lake in the world (Herdendorf, 1990) . The lake is surrounded by a relatively small drainage basin of only twice its surface area. The basin developed primarily by ice flow channeling during glacial retreats between 11.8 and 15.5 thousand years ago. With the final retreat of the glaciers and subsequent lowering of water levels, the lake passed through several configurations, finally reaching its current form 4,000-5,000 years ago (Colman and Foster, 1994; Larson and Schaetzl, 2001) . The basin continues to rise slowly as a result of isostatic rebound after removal of glacial ice.
The open lake has three principal bathymetric features-southern and northern basins plus a comparatively shallow mid-lake sill (< 100 m) that separates them (Figure 1 ). The southern basin is nearly symmetrical, with shelves sloping downward into the 160-m-deep central region. The southern basin has the largest river input, as well as the greatest density of municipal and industrial activities in the lake system. The northern basin is the deepest (maximum sounding = 281 m), and the northeastern region has a very complex topography of small ridges, valleys, and islands. The mid-lake high is a relatively shallow sill (< 100 m) that extends outward from the western side of the lake.
SourceS aNd char acteriSticS of particulate matter
Shoreline erosion is the major contributor of sediments to Lake Michigan (Rea et al., 1981) as it is for the other Great Lakes except for Lake Ontario. For Lake Michigan, erodable bluffs are predominantly along the southern and western shore of the lake. Materials eroded from bluffs comprise approximately 66% of approximately 1.8 x 10 9 kg y -1 of new particulate material to Lake Michigan, with tributary and aeolian particulate matter contributing about 12% each (Colman and Foster, 1994) . These materials migrate toward depositional basins, primarily along the eastern slope of the lake.
In addition, several types of particulate material are produced within the lake. Biogenic silica, organic matter, and carbonates average about 15-20% of sediments in the depositional basins.
The dominant primary producers are diatoms. These organisms produce Brian J. Eadie (Brian.Eadie@noaa.gov figure 1. The basins of lake michigan. Symbols outside the highest sediment accumulation (hidep) area indicate locations of 135 box cores collected from 1992 through 1996 as part of the epa-supported lake michigan mass Balance (lmmB) study. The distribution of sites approximately outlines the extent of corable finegrained deposits in the lake, and corresponds to a spatial resolution of about 15 km. for the intensive hidep study, a total of 218 cores were collected on a 3-km grid.
an exoskeleton of amorphous silica in addition to converting dissolved inorganic constituents to particulate organic matter at a rate of approximately 12 mg C cm -2 y -1 , using reported springsummer values of primary production (Fahnenstiel and Scavia, 1987 ) and half those rates for the other six months.
Almost all of the biogenic silica remineralizes back to the dissolved form (Parker et al., 1977) and only about 5% of the organic matter reaches the sediments (Eadie et al., 1984) where it undergoes further decomposition. There are also three sources of calcium carbonate. A form of calcite precipitates annually from warm surface waters, especially in the southern part of the lake. Ancient carbonates, believed to be predominantly dolomite, erode from the Niagaran reef formations along the southern and western shore and shallows of the lake.
Recently, dreissenid (zebra and quagga) mussels are producing a third source of carbonates. Much of the calcite dissolves when the lake cools, but carbonate can reach concentrations of over 25% in the sediments of the southeastern region of the lake.
loNg-term SedimeNt accumulatioN patterNS aNd focuSiNg
The patterns of long-term sediment accumulation in Lake Michigan are complex. The first substantive efforts to examine the geology of Lake Michigan were conducted by Hough (1958) . This study was followed by seismic profiling of sediments to characterize their stratigraphy on geologic time scales (Lineback and Gross, 1972) . The most recent stratigraphic unit, the Waukegan Member (age ~ 3,500 y) of the Lake Michigan Formation, is characterized by gray silt in the center and on the eastern side of the southern basin (thickness up to 9.2 m) and a brown silt (thickness less than 0.3 m) along the western half of the southern basin and the mid-lake high.
The Upper Lake Michigan Formation of postglacial sediments is asymmetric (Lineback and Gross, 1972; Cahill, 1981; Foster and Coleman, 1990) The remaining 40% is considered transitional (Cahill, 1981) .
Inventories of radionuclides, or any
other constituent with a known source and post-depositional alteration, can be used to estimate a focusing factor. This term is defined as the ratio of the total inventory of constituent in the core to the total amount delivered to the lake and averaged over the lake area. The definition must be modified if the lake is not closed (no significant outflow) with respect to a specific constituent.
This method of estimating mean loadings based on atmospherically delivered radionuclides is certainly not valid if there are significant point sources of constituents. Any focusing factor calculation is approximate at best because it assumes that a constituent of interest behaves exactly the same as the focusing estimator. In fact, a recent study by coauthor John Robbins shows that, even for inventories of 137 Cs and coproduced 239 Pu that entered the lake in an essentially fixed ratio, there are systematic lakewide differences of up to 30%.
moderN SedimeNt accumulatioN
Modern approaches to the measurement of sediment accumulation rates in Lake Michigan were first applied on a suite of carefully collected gravity cores (Robbins and Edgington, 1975) using profiles of two radionuclides:
(1) 137 Cs, an anthropogenic isotope (t 1/2 = 30 y), with a well defined source to the Great Lakes (Robbins, 1985) , produced in the atmospheric detonation of thermonuclear devices, and (2) (Robbins and Herche, 1993) . (Robbins and Edgington,1975) Within a decade of its production, 137 Cs and (co-produced) 239+240 Pu had moved into the depositional region in the southeastern basin, producing patterns similar to long-term accumulation (Edgington and Robbins, 1976) . The detailed coring grid in the southeastern depositional region, collected in 1972, was revisited in 1982 to test whether "focusing" of sediments tagged with 137 Cs was complete by 1972 or had continued during the subsequent decade (Edgington and Robbins, 1990) .
Radiometric analysis of eight cores
Resulting contour plots of the two sets of 137 Cs inventories clearly showed that there was a net movement from the edges of the basin, or from outside the basin, into the regions of highest deposition. Thus, although the majority of sediment "focusing" had occurred within the first decade after introduction of the majority of the tracer, the process continued. Sediment trap data, discussed below, has provided further confirmation of sediment remobilization, primarily by storms during the unstratified period.
SedimeNt mixiNg aNd deVelopmeNt of a reSuS -peNdiBle particle pool
A tight coupling between contaminated sediments and overlying water exists in lakes and coastal ecosystems through the process of sediment resuspension.
The long hydraulic residence time of Lake Michigan (τ ≈ 100 y), coupled with rapid sorption and settling of particleassociated constituents, ultimately results in large inventories of nutrients and trace contaminants in sediments (Eadie and Robbins, 1987; Bogden et al., 2002; Hornbuckle et al., 2004) . Radiotracer studies with 239 Pu (t 1/2 = 25,000 years) and 137 Cs (t 1/2 = 30.2 years) show that > 95% of these tracers were removed from the water and transferred to sediments within a few years (Edgington and Robbins, 1976; Eadie and Robbins, 1987; Robbins and Eadie, 1991) . Although (Eadie et al., 1984; Robbins and Eadie, 1991) . This observation is consistent with the fact that the most energetic currents and waves occur during storms that are more frequent in the spring and fall than during the summer, and the fact that the energy can penetrate more deeply under near-isothermal conditions.
On the one hand, therefore, deposi- the time scales of that process are fundamental to understanding the fate of riverine, shoreline, and atmospherically derived materials in the lake. The timing of these episodic events could have an influence on the ecology of the system, particularly during the winter-spring transitional period when the spring bloom is initiated, fueled by regenerated nutrients and increasing solar radiation Eadie et al., 2002; Ji et al., 2002; Vanderploeg et al., 2007) .
the epiSodic eVeNtS -great lakeS experimeNt (eegle)
The Great Lakes Water Quality Agreement between the United States and Canada provides guidelines for management of the Laurentian Great figure 3. The episodic events-great lakes experiment (eegle) conceptual model. Sediments from sources predominantly on the western side of the lake are transported primarily in events around the southern basin to the major depositional basin with smaller amounts transported offshore. contaminants between their sources and their ultimate sinks, and during this transition they have a major impact on the lake's ecosystem. This material is recharged by erosional inputs, biogeochemically transformed within the lake, redistributed throughout the year by a spectrum of energetic events, and massively redistributed by major storms and the recurrent coastal plume, driving horizontal and cross-margin transport of suspended particulates (Klump et al., 1996). a VieW from aBoVe: Satellite imageS of coaStal turBidity plumeS One major event, which appears to occur annually in southern Lake Michigan, is the formation of a late winter-early spring coastal turbidity plume, first documented by Mortimer (1988) shore projection that coincides with the region of maximum sediment accumulation in the lake (Lineback and Gross, 1972; Edgington and Robbins, 1990; Eadie et al., 1996) , and with a bathymetric protrusion where topographically steered, storm-induced currents frequently converge to produce significant offshore transport. were very few in situ observations Green and Eadie, 2004) . It was hypothesized that materials residing in resuspendible pools were biogeochemically transformed within the lake, then redistributed primarily during the thermally unstratified period by a spectrum of energetic events (Chambers and Eadie, 1981; Eadie et al., 1984; Mortimer, 1988; Lesht, 1989; Eadie et al., 1996; Beletsky et al., 2003; Cardenas et al., 2005; Schwab et al., 2006) . In the following, we discuss the results of a suite of experiments to explore the validity of this hypothesis. (Eadie et al., 1984 (Eadie et al., , 1989 Eadie and Robbins, 1987; Robbins and Eadie, 1991) . December had the highest number of days with SLMTI exceeding 10 mg l -1 , but the days for which SLMTI exceeded 25 mg l -1 were more uniformly distributed among January, March, November, and December. Analysis indicates that figure 5. Satellite observations of major resuspension events for four years associated with the eegle project. although the timing and maximum intensity vary from year to year, the location of the offshore projection is common and consistently develops within the hidep region. although these major resuspension events produce dramatic satellite images, it should be noted that resuspension and horizontal movements of particles occur in a quasi-continuous way during the months from about November through april when the lake is isothermal. large resuspension events in southern Lake Michigan are usually caused by a strong cyclone passing to the east of the lake (Schwab et al., 2006) . The most likely time of the year for this type of storm to occur is November to March.
On average, there is one event per year with SLMTI above 25 mg l -1 and each event typically lasts about three days.
There is also some indication that events have occurred more frequently since the late 1980s as the number of winter storms has increased and there has been less ice cover.
maSSiVe SedimeNt reSuSpeNSioN duriNg epiSodic eVeNtS
Throughout the EEGLE project, experiments were conducted to measure mass fluxes of particulate matter during episodic events and to place them in a longer-term context. Particle settling and resuspension processes have been examined in Lake Michigan through the use of sediment traps since the mid 1970s (Eadie et al., 1984) . Cylindrical traps, designed for conditions in the Great Lakes (Bloesch and Burns, 1980; Muzzi and Eadie, 2002) Cylindrical traps have a high collection efficiency in low-current lake environments and have proved satisfactory in many lake studies (Bloesch and Burns, 1980; Eadie et al., 1984) . Figure 8 to the transport of resuspended sediments from nearshore to offshore.
NearShore particle tr aNSport duriNg epiSodic eVeNtS
An investigation of the 238 U/ 234 Th parent/daughter pair in the nearshore environments of Lake Michigan shows that short-lived, naturally occurring figure 7. on the left is the sequencing sediment trap used in the eegle sampling (for details see muzzi and eadie, 2002). The trap is approximately 2-m tall with a carousel of 23 preprogrammed (for sample-collection intervals), prepoisoned collection bottles. on the right is the box corer employed in sediment collection. This device collects a sediment sample approximately 25 x 25 x 89 cm and produces minimal disruption of the sediment-water interface. it is large enough to subsample replicate cores for analysis from the same collection.
radionuclides are useful in determining the time scales of sediment transport processes on the order of days to weeks.
Although 238 U occurs in soluble forms, its daughter 234 Th has a very high affinity for particles and is rapidly scavenged.
The activity of dissolved 234 Th is only ~ 1% of that supported from the 238 U activity of Lake Michigan water, which is essentially constant at 230 ± 20 dpm m -3 .
Within these waters, the disequilibria between 234 Th (t 1/2 = 24.1 days) and its parent 238 U are generally large, with water-column depletions of 234 Th ranging from 0 to 87% with a median value of 66% (Waples et al., 2004) , comparable to productive or shallow marine systems (Moran et al., 2003) . Departures from secular equilibrium, therefore, are driven almost entirely by the transport and settling of particles, whose residence time calculated from the distribution of activities within the water column ranges from 3.7 days to greater than 100 days, with a median value of about two weeks (13.7 days). The temporal, seasonal dynamics of 234 Th in the nearshore, including residence times, settling velocities, and mass fluxes, is closely related to the wave climate (Waples et al., 2004) . In the absence of net permanent accumulation within the nearshore, mass inputs of sediments must be transported cross margin and exported to the deeper offshore depositional basins of the lake. Using a temporally integrated average of the median 234 Th-based nearshore mass flux requires this export to be approximately 1.35 x 10 9 kg y -1 , or ~ 18 mg cm -2 yr -1 over the 7500 km 2 depositional zone of the southern basin (Waples et al. 2004) , an accumulation rate that is essentially identical to that derived from the mean sedimentation rate determined by 210 Pb geochronologies (Robbins and Edgington, 1975) . (Figure 9 ), generally range from > 0.2 to < 6 kg m -2 with a median figure 8. Sediment fluxes as recorded in sequencing sediment traps for five years at two locations. Station t24 coincides with the location of highest recorded sediment accumulation, while t12 represents the center of the southern basin. The light and gray-banded intervals represent the thermally stratified and unstratified periods, respectively. The St. Joseph water intake is located 5 km offshore at a depth of 7 m. although large fluxes are recorded at the hidep location (24) for each year (except 1999 due to trap failure), the offshore trap only records very large events for two of the four years and the water intake for only one of the years. Nearshore-offshore transport varies significantly among years. See figure 5 for satellite images corresponding to maximum events for each year.
of ~ 1 kg m -2 (Klump et al., 2003) and trending to higher masses along the eastern reaches of the nearshore zone as the bottom transitions to sands and silty sands that entrain and trap an increasing mass of fine grain particles. Wind-and wave-driven resuspension episodically injects these particles back into the overlying water where they are advected in a counterclockwise fashion following the mean circulation depicted in physical models (Schwab, 1983; Beletsky et al., 2003; Lee et al., 2007) .
Subsequent sediment inventories
of 234 Th, therefore, episodically tend to increase from < 0.5 dpm cm -2 to > 1.5 dpm cm -2 along this path from west to east, resulting in 234 Th inventories that range from deficiencies of up to 30% to excesses of three times that supported from the 238 U parent in the overlying water ( Figure 10 ). 234 Th-calculated apparent particle residence times in the water column are generally longer on the western side of the basin, up to several weeks in some cases, often decreasing to less than a few days on the "downstream" eastern end of this particle transport conveyor belt. The observed distribution of excess 234 Th may be explained by the import of 234 Th from a source area "upstream" of the receiving area (i.e., excess 234 Th is focused from one region to another) (e.g., Buesseler et al., 1994; Smoak et al., 2000) . To focus 234 Th and produce the deficits and excesses in the (Lesht, 1989) .
Particle export from the nearshore is also rapid. Immediately following a major resuspension event in April 1999, 234 Th exceeded supported activities everywhere in the nearshore, ranging from a 234 Th / 238 U ratio of 1.37 in the western reach to > 2.0 in the east. Within a month, all excess 234 Th had been lost, and 234 Th / 238 U ratios fell to an average of 0.8 (Figure 11 ). The resulting mass transfer estimated from the change inventory and the mean particle activity of suspended matter (~ 70 dpm g -1 ) yielded a mass export approaching 3 x 10 8 kg of sediment and 7 x 10 6 kg of organic matter within five to six weeks. This amount is equivalent to 20% of the annual estimated deposition in the lake.
The inference is that nearshore processing of material is a major phenomenon in the sediment transport dynamics of the lake and one that operates on a basinwide spatial scale over hundreds of kilometers, and on a time scale driven by episodes occurring over days to weeks.
Net deliVery of particleS to a high-depoSitioN area duriNg aN epiSodic eVeNt
It is evident from historic and recent data that an extensive area on the eastern side of the lake encompasses a permanent burial ground for materials originating from distant sources. Through repeated cycles of deposition and resuspension, particles migrate toward burial along pathways that include the southern inshore, nondepositional floor of the lake investigated above using 234 Th. figure 9. "resuspendible" samples in uncorable, nearshore regions were collected using the interface sampler (depicted) controlled from a remotely operated vehicle (klump et al., 2003) . The sequence shows the collection procedure, from gentle insertion, to maximum "suspension," then pumping until no further sediment is "suspendible." 1999. 7 Be is produced in the atmosphere by cosmic rays and delivered to Lake Michigan at a seasonally varying rate (Robbins and Eadie, 1991) . In the lake, the radionuclide is rapidly and strongly adsorbed to clays, clay-sized particles, and organic matter (Hawley et al., 1986) .
Deposition rates during the period of core collections varied from a minimum during the winter months of about 60 dpm m -2 d -1 to a maximum during the summer of about 220 dpm m -2 d -1 .
The time-dependent average inventory of 7 Be in the lake was calculated as the integrated deposition rate corrected for radioactive decay (i.e., the standing crop). Maximum inventory in the lake was about 1.6 dpm cm -2 in September figure 10. inventories of excess 234 Th show a pattern consistent with alongshore transport and focusing of sediments in the nearshore of the southern basin of lake michigan in response to episodic resuspension events. (a) September 1998: 234 Th/ 238 u ratios indicate a slight depletion of 234 Th relative to its 238 u parent along the western shore, trending to a significant excess along the eastern shore. (b) april 1999: 234 Th is in excess everywhere within the nearshore, with Th/u ratios ranging from 1.3 to > 3.0 following a major resuspension event, and indicating the import of material from zones external to the region shown. (c) may 1999: Within weeks, this excess has completely disappeared, a loss of activity from the nearshore zone of ~ 1.3 x 10 13 dpm and a mass equivalent to > 240,000 mt of sediment transported offshore. (d) august 1999: following the relatively calm summer months, secular equilibrium appears to reestablish itself with Th/u ratios hovering around 1.0. mass storage also increases, and the accumulation of new material in the nearshore by late august has risen to ~ 10 9 kg since may. for such gradients in Th/u disequilibria to arise, transport must be rapid enough to focus excess 234 Th before it decays via its 24.1-day half life. alongshore transport on the order of kilometers per day is consistent with observed bottom-current-driven sediment transport observations, with the mean transport predicted by hydrodynamic models incorporating particle advection and with simple box model estimates for 234 though, is that the primary resuspension event did not produce a highly focused pattern, which is characteristic of sediment accumulation.
figure 11. 7 Be focusing factor (ff). (a) pattern in late September 1998. When the lake is thermally stratified, the radionuclide is inefficiently transferred to sediments. resulting ff is low and comparatively uniform. (b) By late february, the lake had been well mixed for several months. as a result, coupling of atmospheric loading of 7 Be to the lake and accumulation in sediments is strong. The ff pattern has intensified, tends to be located in the southeastern area of hidep, but is patchy. The major resuspension event occurred three days after the end of this collection period. with the radiotracer and trap studies discussed above, results from hydrodynamic circulation modeling experiments (Schwab, 1983) show that circulation in Lake Michigan is highly episodic as it is almost entirely wind-driven in early spring. The characteristic wind-driven circulation pattern in the lake consists of two counter-rotating gyres-a counterclockwise-rotating gyre to the right of the wind and a clockwise-rotating gyre to the left (Figure 12 ). The gyres are separated by a convergence zone along the downwind shore with resulting offshore flow and a divergence zone along the upwind shore with onshore flow.
This two-gyre circulation pattern with offshore flow was very clearly seen during a northerly wind event in March in southern Lake Michigan (Beletsky et al., 2003; Lee et al., 2007) . 
Summary
The long hydraulic residence times of most large lakes, coupled with rapid sorption and settling of particleassociated constituents, results in large inventories of nutrients and trace contaminants in sediments. The EEGLE project allowed a group of researchers to explore the timing, frequency, duration, intensity, and subsequent consequences of intense storms, periods for which almost no data previously existed. These large events resuspend and transport materials from temporary sediment reservoirs to more permanent sinks with a small fraction becoming permanently incorporated annually into the complex sediment accumulation patterns of the depositional basins. The overall lake average time constant for this process is estimated to be 20 years; however, most of the redistribution occurs within a period of months to years, with much of the movement occurring during even shorter intervals. During these resuspension events, there is an opportunity for the lake to re-equilibrate with the constituents in the resuspendible pool of the sediments that represent years to decades of constituent loading. The EEGLE project has provided a rich database that will be mined for years to further incorporate the impact of major events into international management of the Great Lakes.
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